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Abstract 
Efficient modelling and analysis of geometric variation is crucial for quality control of assembly processes with compliant parts used for 
example in automotive and aerospace industries. Since most current computer-aided design (CAD) and Variation Simulation Analysis (VSA) 
systems are based on ideally sized, ideally located rigid or compliant geometry, they are unable to accurately model or predict the effects of 
variations in parts, fixturing and joining.  This results in product failures due to un-modelled interactions between Key Product Characteristics 
(KPCs) of parts/assemblies and Key Control Characteristics (KCCs) of assembly process. Therefore, it is important to develop a generic 
variation simulation approach for assembly processes with complaint parts which will take into consideration non-ideal part geometries as 
caused by fabrication processes.  
This paper develops the Assembly Transfer Function (ATF) approach to model and simulate assembly process with compliant non-ideal parts.  
The proposed ATF is developed as an integration of three critical response functions of assembly process: (i) modelling non-ideal parts and its 
response to part fabrication errors; (ii) modelling n-2-1 fixture and its response to non-ideal parts; and (iii) modelling part-to-part joining 
process and its response to n-2-1 fixture. The ATF is developed in three steps: (i) use of the aforementioned three individual response functions; 
(ii) sampling of individual response functions; and, (iii) integration of the three response functions into an overall assembly process transfer 
function with capabilities to directly map input KCCs to output KPCs and ultimately to key performance indicators for assembly processes with 
compliant non-ideal parts. The developed ATF is demonstrated by using an industrial case study of automotive door assembly with remote fiber 
laser welding joining process. 
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1. Introduction 
Sheet metal assembly processes are widely used in 
automotive bodies and airframe assemblies. Thereafter, 
dimensional variations of sheet metal assemblies play a vital 
role in the final product quality. For example, a typical 
automotive body assembly consists of 200÷250 sheet metal 
parts assembled at 60÷100 assembly stations with 1700 to 
2100 fixture locators [1,2]. Previous studies have reported 
that the presence of dimensional variation in sheet metal 
parts contributes up to two third of the engineering changes 
in automotive body and aircraft fuselage assembly [1,3]. 
Therefore, proper dimensional control and part management 
through modelling is inevitable prerequisite for assembly 
process simulation to minimize the defects caused by 
dimensional variation during manufacturing and product 
usage. One of the approaches to reduce product defects level 
can be addressed through assembly process simulation at 
design phase. Current modelling efforts of sheet metal parts 
variation can be categorised as modelling of: (i) ideal rigid 
part, (ii) ideal compliant part; and, (iii) non-ideal compliant 
part.  Most of the work related to dimensional variation 
modelling is based on the assumption of ideal rigid 
parts/sub-assemblies [4]. There are also reported work on 
dimensional variation modelling of compliant part as it was 
reported that one third of assembly cannot be modelled as 
rigid bodies [5]. For example, Liu and Hu [6] proposed a 
model to analyse the effect of deformation and spring-back 
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on assembly variation by using sensitivity matrix for 
compliant parts. Further, compliant parts were used to 
model and simulate multi-station assembly process [7,8]. 
However, part errors were omitted. Camelio et al. [9] 
demonstrated that part error, tooling error and assembly 
spring-back have significant impact on dimensional quality 
of assembly. Therefore, there is a need to consider non-ideal 
compliant part model for more accurate assembly process 
simulations. A few efforts have been made to model 
individual compliant non-ideal parts [10,11,12,13]. 
However, these approaches are mainly focusing on product 
variation with lack of integration with assembly process 
models. Therefore, they are not sufficient for faults 
detection thus leading to not-integrated model development. 
Additionally, some new assembly joining process, such as 
Remote Laser Welding cannot be simulated without taking 
into consideration non-ideal compliant parts as one of the 
Key Control Characteristics (KCCs) of RLW requires tight 
control of both minimum and maximum part-to-part gap 
[14]. Thus, simulation conducted for ideal parts results in 
incorrect and unreliable output (100% of conforming 
assemblies).   
Few efforts have been made over the years to integrate 
part compliancy and non-ideal part modelling. Lin et al. 
[15] developed a point based constrained system to create 
variational geometry in design phase. Chang and Gossard 
[16] emphasized the importance of the non-ideal compliant 
parts to model and predict the variation in PCFR (Place, 
Clamp, Fasten and Release) assembly cycle process. Wang 
and Ceglarek [17] proposed a beam based product and 
process model to predict variation propagation for multi-
station assembly systems with compliant non-ideal parts. 
Individual response function defines the relationship 
between input KCCs to output Key Product Characteristics 
(KPCs). However, in case of multiple response functions the 
inherent interaction is not well addressed. Aggregation of 
the individual response functions for an assembly process is 
necessary to avoid un-modelled interactions between KPCs 
of parts/assemblies and KCCs of assembly process. This 
paper expands the state-of-art approaches by integrating 
multiple heterogeneous response functions [18,19,20] by 
proposing the Assembly Transfer Function (ATF) which is a 
single transfer function to aggregate the individual response 
functions considering input KCCs and KPCs to predict 
output KPCs at the same time. For example, ATF can be 
used for modelling n-2-1 fixture and its response for non-
ideal parts and fastening process to tackle their relations and 
accumulation of individual response function errors. The 
developed ATF can be used for: (i) forward analysis such as 
process sensitivity analysis and optimisation; and (ii) 
backward analysis such as faults detection and process 
control/adjustment.  
This paper is arranged as follows: Section 2 outlines the 
modelling framework development for assembly system 
with non-ideal compliant parts and the detail of individual 
response functions necessary for the assembly process 
simulation. Section 3 describes the details of ATF where an 
industrial case study is reported in section 4. Final 
conclusions and remarks are drawn in section 5. 
2. Proposed modelling framework 
In an assembly process, KPCs are the quality indicators 
of the product and KCCs are the process parameters to 
satisfy product quality. For example, KPCs can be defined 
as part features, fastening quality; whereas KCCs can be 
stamping process parameters for non-ideal parts, locators or 
clamps position at fixturing level or fastening parameters at 
joining level. The basic framework of the ATF model is 
depicted in Fig. 1. 
 
 
Fig. 1. Assembly Transfer Function model framework 
A generic ATF model for an assembly station (j) can be 
defined as relation between input and output KPCs. Let Xj 
be the input set of KPCs from station (j-1) or an initial 
product information (when j=1), i.e.,  
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where Nst represents the total number of station. The ATF 
model is an aggregation of N individual response functions 
(f1,...,fk,…,fN). As stated in Eq. (2), each response function 
(fk) is depending on a set of KCCs and a set of KPCs, as 
defined in Eq. (3), where Cjk and Pjk are the number of input 
KPCs and KCCs at station (j) and response function (k), 
respectively. 
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KPCs are accumulated through individual response 
functions to obtain the output set of KPCs (Xj+1), i.e., 
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The ATF model is constrained with quality, geometric 
tolerances and cycle time. The ATF is developed as 
follows: (i) use of the aforementioned three individual 
response models; and (ii) integration of the these individual 
response models into an overall assembly process transfer 
function with capabilities to directly relate input KPCs and 
KCCs to output KPCs. 
The number of individual response function is process-
dependent. For example, in RLW joining process, three 
individual response functions have been identified: (i) non-
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ideal part modelling, (ii) fixture modelling, and (iii) 
fastening modelling. Next Sections explain how those 
individual response functions can be defined (please refer to 
Fig. 2). 
 
 
Fig. 2. Assembly Transfer Function model for RLW joining process 
2.1. Non-ideal part modeller 
Sheet metal parts, fabricated by stamping processes, 
have geometric and dimensional variation due to  stamping 
process KCCs such as press tonnage, shut height, press 
parallelism [21] as well as spring back, and variation caused 
by part handling etc [22]. Inherent variation of stamping 
process KCCs affect significantly sheet metal parts 
geometric and dimensional variation and such need to be 
included as input to the assembly process as non-ideal (real) 
part model.  
The main objective of the non-ideal part modelling is to 
develop analytical function based model to identify 
dominant error patterns associated with the parts. There are 
few approaches adopted by researchers to model the non-
ideal part such as statistical modal analysis [10,13], natural 
modes analysis [11], morphing mesh approach [12], or 
Geometric Modal Analysis (GMA) model developed by 
Das et al. [23] to characterise the form error of sheet metal 
parts by decomposing it into significant patterns/modes. 
Initial product information (KPCj,0) and stamping 
parameters (KCCj,1) lead to non-ideal part characteristics 
(KPCj+1,1). The input-to-output response function is 
reported in Eq. (5), where f1 defines the non-ideal part 
generator function which can be modelled by GMA, 
statistical modal analysis, or natural modes analysis. 
  1,0,11, , jjj KCCKPCfKPC        (5)                                                                
2.2. Fixture modeller 
Fixtures are used to locate and hold the work-piece 
during the manufacturing stages. As reported in [24], 
fixture failure directly affects part location and assembly 
dimensional quality. Ceglarek and Shi [1] found that during 
the launch of a new vehicle, fixture faults represent around 
70% of all dimensional faults. Consequently, adequate 
fixture models can positively impact final dimensional 
quality.  
Few commercial software packages such as 3DCS 
Compliant Modeler, Elastic Assembly Variation Simulation 
(EAVS) [25], and Variation Simulation Analysis (VSA) 
[26] are available to model the compliant parts and fixture 
tools. In this paper, we used Variation Response Method 
(VRM) developed by Franciosa et al. [27] to address the 
fixture modelling where non-ideal parts act as input for the 
fixture modeller while functional KPCs are evaluated and 
are utilized as an input for the fastening process modelling. 
The fixture modeller has capability to determine critical 
KPCs (such as part-to-part gap)  for given set of input 
KCCs (such as fixture location or number of locators), 
considering: (i) non-ideal part modelling, (ii) assembly 
constraints, (iii) assembly sequence, (iv) compliancy of 
parts being assembled, (v) variability of fixturing and 
tooling systems and (vi) part-to-part interaction. The fixture 
response function (as per Eq. (6)), links the input KCCj,2 to 
intermediate KPCj,2, through the response function f2. 
  2,1,22, , jjj KCCKPCfKPC         (6)      
 
For example, in RLW applications, one is aimed to 
evaluate the effect of different clamp locations (KCCj,2) on 
part-to-part gap (KPCj,2) due to a given part variation 
(KPCj,1).  
2.3. Fastening modeller 
The increasing product complexity has led to increase in 
number of KPCs evaluated to confirm the product quality 
for joining responses. These KPCs, related to joining 
process indicators, are affected by the KCCs. For example, 
to weld galvanized steel satisfactorily using RLW process, 
the gap requirement of 0.05y0.3 mm needs to be satisfied. 
The part-to-part gap during the process is affected by the 
KPCs such as part variation and KCCs such as fixture 
location and tooling variations. Further, the weld quality is 
affected by the process parameters such as laser power, 
welding speed, and material stack-up. Thus, for optimal 
process design the relationship between process parameter 
and KPCs needs to be established in relation to the input 
and output. 
This research uses a systematic methodology called FRF 
(Fastening Response Function) developed by Prakash et al. 
[28]. The FRF relates to the third stage of assembly process. 
It integrates physical and computer experiments for 
exploring the inherent relationship of fastening/joining 
input process parameters (KCCj,3) with output response 
parameters and product quality (KPCj,3). One can write: 
  3,2,33, , jjj KCCKPCfKPC                       (7)      
where f3 defines the fastening response.  
3. Assembly Transfer Function 
This step includes developing the ATF model by mapping 
the input-to-output relationships of the assembly process. 
The ATF model will be developed as a composite function 
of (f1, f2, f3) response models in Eq. (5 to 7) as stated in Eq. 
(8). This model can be generalised as 1....... fffg kNj $$$$ , 
so leading to the general formulation of Eq. (9), where gj 
represents the ATF composite model of the station (j). 
ATF is highly non-linear as it is, for example, the 
composition of the non-ideal part modeller and its response 
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to part fabrication errors, f1, modelling n-2-1 fixture and its 
response to non-ideal parts, f2 and modelling part-to-part 
joining process and its response to n-2-1 fixture, f3. 
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Fig. 3. Proposed method to calculate the ATF 
The overall approach to analytically determine the ATF 
(as shown in Fig. 3) is based on three consecutive steps: 
x STEP 1 – to use the individual response functions; 
x STEP 2 - to sample the space of input key control 
characteristics. Uniform, adaptive or random sampling 
might be adopted; and, 
x STEP 3 - integration of the individual response models 
into the composite ATF model. A fitting approach can be 
used such as polynomial, spline or MARS [29] to 
generate the analytical function, based on sampled data 
as per STEP 2.  
4. Case Study 
The proposed methodology has been applied with 
respect to RLW process simulation. In this case study, 
automotive door inner panel and hinge reinforcement have 
been selected (refer to Fig. 4). 
 
Fig. 4. Door inner and hinge reinforcement industrial case study 
 
Fig. 5. ATF modelling explores all possible interactions 
Hinge reinforcement is remote laser welded with door 
inner panel; the gap between the hinge reinforcement (1.8 
mm thick) and door inner panel (0.75 mm thick) should be 
within 0.05y0.3 mm to ensure the joining quality. Gap 
might be directly controlled by properly locating the clamps 
close enough to the laser stitches to compensate part errors. 
Then, the performance of the stitch, in terms of penetration 
or interface width, is affected by clamp-controlled gap and 
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combination of laser power and welding speed. 
As depicted in Fig. 4, two critical stitches have been 
identified: KPCj,2 ={KPCj,2,1, KPCj,2,2}, whose part-to-part 
gaps are related to the clamp parameters, KCCj,2 ={KCCj,2,1, 
KCCj,2,2}. Each clamp has been parameterized to move 
parallel to the joining flange along the stitch longitudinal 
direction. Through ATF for a given non-ideal part model, 
how the part-to-part gap (depending on the specific location 
of clamps) affects final KPCs (such as penetration and 
interface width) has been analysed.  Therefore, ATF 
directly links clamp parameters and process joining 
parameters (such as laser power and welding speed - 
KCCj,3={KCCj,3,1, KCCj,3,2}) to final KPCs (that is 
penetration and interface width - KPCj,3={KPCj,3,1, 
KPCj,3,2}). 
As depicted in Fig. 5 the assembly transfer function 
explores all the possible interactions among the KPCs and 
KCCs. The analytical model has been obtained through a 
third order polynomial fitting.  
 
Discussion of results - the significance of the results is 
discussed in the context of process optimisation and process 
root cause analysis of failures: 
x Identification of KPCs-to-KCCs relations - Usually, 
fixturing and fastening operation are considered 
independent to each-others. This leads to un-modelled 
relationships which might affect the prediction of 
critical KPCs. The ATF model provides a 
comprehensive mapping of all critical relationships. For 
example, the analytical formulation linking clamp 
parameters and stitch performances (see Fig. 5e and Fig. 
5g) might be used to optimise the stitch performances 
acting directly on the clamp location; 
   
x Analytical representation of KPCs w.r.t. KCCs - The 
ATF model provides an analytical representation of 
critical KPCs depending on KCCs. This allows to 
perform process optimisation or rooting cause of 
failures over a continuous domain. This provides more 
flexibility and computation efficiency than discrete 
model representations do [30]. Moreover, the analytical 
model might be directly implemented in process control 
architecture to adjust/control the significant KCCs based 
on a required KPC.   
5. Conclusions and final remarks 
The methodology proposed in this paper provides a 
systematic approach to develop the assembly transfer 
function (ATF) by composition of N individual response 
functions. The proposed framework has been proved by 
considering: (i) non-ideal compliant part response function; 
(ii) fixture response function; and, (iii) fastening response 
function.  
The ATF significantly identifies and explores the 
following areas:  
x aggregation of individual response functions to reduce 
the uncertainty in the assembly process modelling; 
x to predict upfront in the design stage, the most probable 
high risk regions in the assembly and actual faults which 
might occur during production; and, 
x to develop process diagnostic and control in the 
manufacturing stage to achieve and/or compensate 
failures and faults 
Future works can utilise the main findings of this paper 
as follows: 
x from single-station to multi-station modelling. The 
present paper has been limited to single-station 
sequential configuration and can be extended to more 
complex system configurations, where parts are re-
located at each station, so leading to un-predictable final 
dimensional variations. The proposed approach can be 
extended to integrate multiple (N>3) response models. 
For example, the fixturing releasing operation or the 
station-to-station relocation tasks could be embedded in 
a more general framework; 
x from single non-ideal part to within batch variation and 
batch-to-batch variation. A more comprehensive model 
allowing to capture within batch variation and batch-to-
batch variation might significantly enhance the 
diagnosibility of failures. The proposed method can 
identify the quality of the final assembly based upon the 
randomness of the compliant non-ideal parts/ sub-
assemblies which can be extended to similar error 
patterns based assembly to enhance the performance of 
the system. 
x from process design to process optimisation and control. 
Even optimised design could lead to unexpected failure 
during the manufacturing stage. The proposed assembly 
transfer function could be integrated in a process control 
strategy to isolate and identify failure patterns at various 
level of the assembly sequence. 
Overall, the approach proposed in this paper has 
potential application to design optimisation and root cause 
analysis to predict upfront the critical relationship between 
input correlated KCCs and output KPCs. 
 
Acknowledgements 
 
This study was supported by the European research 
project "EU-FP7 FoF-ICT-2011.7.4: Remote Laser 
Welding System Navigator for Eco and Resilient 
Automotive Factories (Collaborative STREP project)". 
References 
[1] Ceglarek D, Shi J. Dimensional variation reduction for 
automotive body assembly. Manufac Review 1995; 
8(2):139-154. 
[2] Shiu BW, Ceglarek D, Shi J. Multi-stations sheet metal 
assembly modeling and diagnostics. Trans-NAMRI of 
SME 1996:199-204. 
[3] Shalon D, Gossard D, Ulrich K, Firzpatrick D. 
Representing geometric variations in complex structural 
assemblies on cad systems.  Proceedings of the 19th 
Annual ASME Advances in Design Automation 
Conference1992. p. 121-132. 
[4] Shen Z, Ameta G, Shah JJ, Davidson JK. A comparative 
study of tolerance analysis methods. J Comp Inf Sci Engg 
182   Abhishek Das et al. /  Procedia CIRP  21 ( 2014 )  177 – 182 
2005;5(3):247-256. 
[5] Shiu B, Ceglarek D, Shi J. Flexible beam-based modeling 
of sheet metal assembly for dimensional control.  Trans of 
NAMRI 1997. p. 49-54. 
[6] Liu SC, Hu SJ. Variation simulation for deformable sheet 
metal assemblies using finite element methods. J Manufac 
Sci Engg 1997; 119(3):368-374. 
[7] Camelio J, Ceglarek D, Hu SJ. Modeling variation 
propagation of multi-station assembly systems with 
compliant parts. J Mech Design 2003;125(4):673-681. 
[8] Gerbino S, Patalano S, Franciosa P. Statistical variation 
analysis of multi-station compliant assemblies based on 
sensitivity matrix. Int J Comp Appl Technol 
2008;33(1):12-23. 
[9] Camelio JA, Hu SJ, Ceglarek D. Impact of fixture design 
on sheet metal assembly variation. J Manufact Sys 2004; 
23(3):182-193. 
[10] Huang W, Liu J, Chalivendra V, Ceglarek D, Kong Z, 
Zhou Y. Statistical modal analysis (SMA) for variation 
characterization and application in manufacturing quality 
control. IIE Trans 2013. 
[11] Samper S, Formosa F. Form defects tolerancing by 
natural modes analysis. J Comp Inf Sci Engg 2006; 
7(1):44-51. 
[12] Franciosa P, Gerbino S, Patalano S. Simulation of 
variational compliant assemblies with shape errors based 
on morphing mesh approach. Int J Adv Manufac Technol 
2011;53(1-4):47-61. 
[13] Huang W, Ceglarek D. Mode-based decomposition of part 
form error by discrete-cosine-transform with 
implementation to assembly and stamping system with 
compliant parts. CIRP Annals - Manufac Technol 2002; 
51(1):21-26. 
[14] Ceglarek D. et al. Remote Laser Welding  (RLW) system 
navigator for eco and resilient automotive factories. FoF-
ICT-2011.7.4 Digital Factories  Theme. WMG, 
University of Warwick 2011.  
[15] Lin VC, Gossard DC, Light RA. Variational geometry in 
computer-aided design. SIGGRAPH Comput Graph 1981; 
15(3):171-177. 
[16] Chang M, Gossard DC. Modeling the assembly of 
compliant, non-ideal parts. Comp-Aided Design 1997; 
9(10):701-708. 
[17] Wang H, Ceglarek D. Variation propagation modeling 
and analysis at preliminary design phase of multi-station 
assembly systems. Assem Automation 2009;29(2):154-
166. 
[18] Huang W, Phoomboplab T, Ceglarek D. Process 
capability surrogate model-based tolerance synthesis for 
multi-station manufacturing systems. IIE Trans 2009; 
41(4):309-322. 
[19] Chen Y, Ding Y, Jin J, Ceglarek D. Integration of 
process-oriented tolerancing and maintenance planning in 
design of multistation manufacturing processes. IEEE 
Trans Automation Sci  Engg 2006;3(4):440-453. 
[20] Ceglarek D, Huang W, Zhou S, Ding Y, Kumar R, Zhou 
Y. Time-based competition in multistage manufacturing: 
Stream-of-variation analysis (SOVA) methodology—
review. Int J Flex Manufac Sys 2004;16(1):11-44. 
[21] Zhou Z, Cao X-R. Optimal process control in stamping 
operation. Quality Engg 1994;6(4):621-631. 
[22] Ceglarek D, Li HF, Tang Y. Modeling and optimization 
of end effector layout for handling compliant sheet metal 
parts. J Manufac Sci Engg 2001;123(3):473-480. 
[23] Das A, Franciosa P, Yilmazer S, Ceglarek D. Modelling 
geometric variation of compliant sheet-metal parts using 
geometric modal analysis (GMA). 2014. 
[24] Shi J, Ceglarek D. Fixture failure diagnosis for autobody 
assembly using pattern recognition. J Engg Industry 
1996;118:55. 
[25] Cai W, Hu SJ, Yuan JX. Deformable sheet metal 
fixturing: Principles, algorithms, and simulations. J Engg 
Industry 1996;118(3):318-324. 
[26] Shen Z. Tolerance analysis with eds/visvsa. J Comp Inf 
Sci Engg 2003;3(1):95-99. 
[27] Franciosa P, Das A, Yilmazer S, Gerbino S, Ceglarek D. 
Variation response method (VRM): A kernel for 
dimensional management simulation of non-ideal 
compliant parts.  2014. 
[28] Prakash PKS, Ceglarek D. Adaptive response surface 
modelling by integrating physical and computational 
experiments.  2014. 
[29] Friedman JH. Multivariate adaptive regression splines. 
The Annals of Stats 1991;19(1):1-67. 
[30] Li B, Shiu BW, Lau KJ. Principle and simulation of 
fixture configuration design for sheet metal assembly with 
laser welding, part 1: Finite-element modelling and a 
prediction and correction method. Int J Adv Manufac 
Technol 2001;18(4):266-275. 
 
 
